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ABSTRACT 
 
Epitaxial single-crystal chemical-vapor-deposited diamond was obtained from Element Six Ltd. (Ascot, UK) and from 
Apollo Diamond (Boston, MA).  Both companies provided 5 x 5 mm squares with thicknesses ranging from 0.5 to 1.5 
mm.  In addition, Element Six provided 10-mm-diameter disks with a thickness of 1.0 mm.  The absorptance of all 
specimens at 1064 nm was measured by laser calorimetry, with good agreement between independent measurements at 
the University of Central Florida and at QinetiQ (Malvern, UK).  Depolarization at 1064 nm and ultraviolet absorption 
properties are also reported. 
 
 
Tracking Number : DSS07-DS41-8 
 
 
Keywords: CVD diamond, calorimetry, depolarization loss. 
 
 
 
 
1. INTRODUCTION 
 
Diamond has unique properties as an optical material.  It combines extreme hardness, chemical inertness, high thermal 
conductivity and a broad band transparency, typically extending from the far infrared to the near ultraviolet1,2,3,4.  Large 
area diamond windows and hemispherical domes with properties similar to, or better than, those of the best type IIa 
natural single-crystal diamond, can be grown in relatively short times by chemical-vapor-deposition (CVD)5,6.  CVD 
diamond windows find applications in industrial and military environments, including high power lasers, IR imaging 
systems, gyrotron tubes and heat-seeking missiles7,8.  
 
This study assesses optical properties of state-of-the-art epitaxially grown CVD single-crystal diamond at a wavelength 
of 1.064 µm for potential application as a heat spreading element in solid state lasers.  Laser calorimetry was used to 
measure the absorptance (fraction of incident irradiation that is absorbed) in different specimens. In this technique, the 
change in temperature of a specimen is measured as a function of time when the specimen is exposed to a known laser 
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power and after the exposure is ended9,10.  Laser calorimetry has the advantages of the simplicity of the apparatus and 
ease of absolute calibration, and for these reasons it is the recommended method for characterizing laser optical 
components11.  It also allows for laterally resolved measurements, though with less precision than other techniques, such 
as photothermal deflection9, but it does not distinguish between absorption in the bulk and absorption due to impurities 
and defects on the specimen surfaces.  In order to disentangle these two contributions, we measured the absorptance in 
specimens with different thicknesses and supposedly identical surfaces.  Then a plot of measured absorptance versus 
specimen thickness extrapolated to zero thickness should reveal the surface absorptance and the slope of the graph 
should give the bulk absorptance.  The loss of polarization of light crossing the specimen was also measured, using the 
well-known optical technique of placing the investigated specimen between two polarizers and measuring the light 
transmitted for different specimen and polarizers orientations.  Finally, the ultraviolet absorption edge of the specimens 
was investigated using a Cary 500 spectrophotomer.  A complete report of this work is in press12. 
 
The diamonds used for this investigation were manufactured in 2005 by Element Six (Ascot, UK) and Apollo Diamond 
(Boston, MA).  Both companies supplied diamond squares with nominal dimensions of 5 x 5 mm and thickness in the 
range 0.35–1.75 mm.  In addition, Element Six provided disks with a state-of-the-art diameter of 10–11 mm and a 
thickness of 1.0 mm.  Table 1 depicts the size and thickness of the investigated specimens. 
 
Table 1.  Diamond size and thickness. 
 
Specimen Thickness     Specimen Thickness 
 [mm]  [mm] 
Squares with nominal dimensions of 5 x 5 mm 
 
Element Six #1 0.43          Apollo #1 0.35 
Element Six #2 0.50         Apollo #2 0.68 
Element Six #3 0.92         Apollo #3 1.09 
Element Six #4 1.00         Apollo #4 1.74 
Element Six #5 1.42         Apollo #5 0.35 
Element Six #6 1.47           
Disks with diameter 10–11 mm (by ElementSix) 
 
Disk 1 1.03 
Disk 2 1.07 
Disk 3 1.03          Apollo #6*   1.27 
 
*Apollo #6 is a 3.6-mm-diameter disk 
 
 
Apollo #4 appears dark grey, and Element Six Disks 1,2,3 slightly grey, to the eye while all the other specimens are 
colorless.   Apollo #6 is supposed to be the state-of-the-art optical quality product of Apollo, whereas Apollo #1 to #5 are 
expected to be of somewhat lower quality. (Apollo, private communication). 
 
The 5 x 5 mm squares obtained from Element Six were commercially available at a cost of ~$100 US per cubic 
millimeter in 2005.  Disks from Element Six and squares from Apollo were larger than what either company has 
produced in the past and therefore were not commercially priced.  In the following, the investigated specimens will be 
labeled accordingly to Table 1. 
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2. EXPERIMENTAL 
 
2.1 Laser calorimetry 
 
Laser calorimetry was conducted at CREOL, The College of Optics and Photonics at the University of Central Florida, 
and, independently, at QinetiQ (Malvern, UK).  At CREOL, a recently built calorimeter was employed, consisting of a 
styrofoam box, at ambient temperature in the air, enclosing the experiment to provide thermal isolation of the specimen.  
The specimen was held by a piece of a monofilament fishing line glued to its edge and attached to a thermally isolated 
frame with three degrees of translational and rotational movement.  A Precision Temperature Measurement System by 
GEC Instruments (model S4TC) allowed the simultaneous reading of up to four temperatures with precision better than 
10 mK over a broad range.  Three 0.2-mm-diameter thermocouples were glued to the specimen, whereas the forth 
thermocouple was used to record a benchmark signal synchronized with the start and the stop of the specimen 
irradiation.  Care was taken to prevent scattered laser light from striking the temperature sensors.  Laser light entered and 
exited the calorimeter through holes in which plastic tubes were inserted to reduce convective heat transfer.  A 
continuous wave laser, emitting at 1.064 µm in TEM00 mode, with power between 0.1 and 3 W, was focused to ~ 1 mm 
diameter on the entrance surface of the specimen.  The overall sensitivity of the calorimeter was about 10 mK.   
 
Examples of the irradiation-induced temperature change vs. time are shown in Figure 1.  For each specimen and location, 
ten or more plots were made with irradiation times ranging from 100 to 200 s, and the results averaged.  Two 
independent methods were employed to extract the absorptance from the observed temperature vs. time plots.  If the 
thermal conductivity of the specimen is high enough that its temperature (T) is uniform as is the case for diamond, the 
temperature variation from the ambient temperature (∆T) vs. time (t) is given by9: 
 
During irradiation: [ ])−(γ−−γ=∆ startttp e1mcaPT  (1) 
 
After irradiation [ ])−(γ−)−(γ− −γ=∆ startstop ttttp eemcaPT  (2) 
 
where a is the absorptance, m is the mass of the specimen, P is the incident laser power, cp is the heat capacity (for 
diamond cp =0.51 J/(g*K))13,14,15, γ is a heat loss coefficient, tstart is the time at which the specimen is exposed to the laser 
and tstop is the time at which exposure is ended.  Then, the absorptance can be obtained by fitting the measured data using 
Eqns. (1) and (2) with a and γ as free parameters.  In the following we shall refer to this technique as the "fit method".  
The second technique employed to analyze the CREOL data, is known as the "gradient method"
9.  It consists of taking 
the derivative with respect to time of the irradiation-induced temperature change versus time at two instants th and tc, 
during irradiation and after irradiation.  For the gradient method, th and tc are chosen so that the temperature at each 
instant is the same.  From the derivatives taken at these two times the absorptance is obtained from 
 
 
  (3) 
 
 
 
The fit and gradient methods gave similar results, typically disagreeing by less than 5%. 
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Fig. 1.  Irradiation-induced temperature change vs. time for Apollo #5 (350 µm thick) and Element Six #1 (430 µm thick) with 
irradiation time of 100 s.  Lines are independent fits to the heating and cooling data with Eqns. (1) and (2). (CREOL data.) 
 
 
 
At QinetiQ, calorimetry was performed in a similar manner with specimens at 300 K in the air.  The specimen was held 
by a network of nylon filaments which grip the specimen around its edge.  Specimen temperature was measured by a 
thermocouple held in contact with the specimen edge by one of the filaments.  The diode-pumped Nd:YAG laser 
operated at 1.064 µm with a power of 250 mW and the beam at the specimen had dimensions of ~0.15 x 0.34 mm.  The 
method used to extract absorptance from calorimetry data at QinetiQ has been described previously10.  Briefly, the heat 
loss coefficient γ and ambient temperature were obtained by fitting the cooling curve.  With these values of γ and 
ambient temperature, the heating curve was fit by using a point-by-point graphical procedure to find absorptance.  
 
The absorptance a is related to the absorption coefficient α defined by the equation  
 
 Internal transmittance   =  e-αl (4) 
 
Internal transmittance is the fraction of radiant power that has entered a specimen that reaches the opposite side after 
traversing a pathlength l through the specimen.  Internal transmittance is independent of surface losses by reflection, 
absorption, and scattering.  For perpendicular incidence of the laser beam on a specimen with parallel surfaces, 
negligible scattering, and negligible surface absorption, the relation between a and α is: 
 
 e-αl  =  τ – aτ – Ra  (5) 
 
where τ is the transmittance of the specimen and R is the single-surface Fresnel reflectance.  When αl <<1, a first-order 
expansion of Eq. (5) gives: 
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 a ≈ αl (6) 
 
If there is surface absorption, a term accounting for both surfaces is added to Eq. (6) so that 
 
 a ≈ αl + αsurface (7) 
 
For our specimens, (α) ranged between 10-2 and 10-3 cm-1 and l ≈ 10-1 cm, so Eq. (6) and (7) apply. 
 
 
2.2 Loss of polarization 
 
The apparatus in Figure 2 was used at CREOL to measure loss of polarization of plane-polarized 1.064 µm radiation 
from a Nd:YVO4 laser.  A 3-mm-diameter aperture limited the area of the diamond tested.  When no specimen was 
placed in front of the aperture, no measurable power was detected if the analyzer polarizer was set to transmit light 
polarized perpendicular to the laser polarization, whereas transmission through the analyzer was 0.887 if this was set to 
transmit light polarized in the same plane as the laser.  Before making a measurement, the center of the diamond/aperture 
combination was aligned with the axis of the laser beam and the analyzer polarized was removed.  The diamond/aperture 
combination was then rotated about the beam axis to see if transmission changed.  Less than 1.0 % variation was 
observed for all the square specimens however the disks showed significant changes in transmission, as discussed in 
section 3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Schematic diagram of the experiment for measuring loss of polarization.  A linearly polarized Nd:YVO4 diode-pumped laser 
was the source in this experiment. 
 
 
 
When the analyzer polarizer was inserted and aligned to transmit light polarized parallel to the laser’s polarization, the 
transmitted power Pt should be Pd*0.887 if there were no depolarization loss.  The observed transmitted power was less 
than Pd*0.887 and varied as the diamond was rotated about the beam axis.  For each specimen orientation, the observed 
transmitted power was expressed as a percent of theoretical transmitted power in the absence of depolarization according 
to the formula: 
 
887.0*Pd
P 100     %T t×=      (8) 
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With this technique, the transmission losses due to the reflection from the surfaces of the specimen and of the analyzer 
polarizer were properly taken into account. 
 
 
2.3 Ultraviolet-edge absorption 
 
Measurements were performed at CREOL using a Cary 500 dual-beam spectrophotometer operated with unpolarized 
light.  The specimen transmittance was measured at 1 nm intervals in the 0.2 to 2 µm range while the instrument’s 
spectral bandwidth was fixed at 4 nm.  Reflections from the front and back surfaces of the specimen were accounted for 
by using the Fresnel formula, the refractive index values available in literature and the Peter's trend for dispersion in 
diamond 16,17.  A further correction was necessary to account for changes in the measured transmission due to 
experimental errors, either introduced by the specimen (e.g., non-perfect parallelism of the surfaces and light scattering 
inside the specimen) or by the spectrophotometer (e.g., wavelength-dependent efficiency).  These effects are typical of 
the spectrophotometry technique and they may cause either an over- or an under-estimation of the zero in the measured 
absorption spectrum.  In this paper, we estimate the effects of these errors to be +/- 10% of the reflections at the surfaces 
calculated using the Fresnel formula.  Independent spectrophotometric measurements of all the specimens, similar to the 
above described ones, were performed at the Naval Air Systems Command, China Lake, CA. 
 
 
 
3. RESULTS 
 
3.1 Absorption at 1.064 µm. 
 
Columns 3 and 4 of table 2, depict the results of the absorptance measurements from CREOL and QuinetiQ: each value 
is an average of measurements at 3 to 8 locations.  Data from CREOL and QinetiQ are in reasonable agreement.  All 
specimens showed significant point-to-point variation in the absorption.  The deviations from the average reported in 
Table 2 between different locations on the same specimen were in the range of 5 to 46%. 
 
Absorptance versus specimen thickness for the diamond squares is plotted in Figure 3.  Ideally, the points should lie on a 
straight line with an intercept of 0 (Eq. 6) if there is no surface absorption or αsurface (Eq. 7) if there is surface absorption.  
For Element Six squares, the absorptance of specimens l, 2, 4, 5, and 6 lies near a straight line in Figure 3.  The higher 
absorptance of specimen 3 is clearly not from the same population.  The slope of the line for Element Six in Figure 3 
gives an absorption coefficient of α = 0.0026 ± 0.0005 cm-1.  The intercept of 0.006 ± 0.006 implies that there is little 
surface absorptance.  For Apollo material, a line in Figure 3 was fit to specimens 3 and 5, plus one measurement for 
specimen 2.  Apollo #4, which is not shown on the graph, had much higher absorptance and was clearly not in the same 
population.  Apollo #6, which is shown on the graph, has much lower absorptance than the other specimens.  The slope 
of the line for Apollo material in Figure 3 gives an absorption coefficient of α = 0.071 ± 0.005 cm-1 and the intercept is  
- 0.13 ± 0.04.  Since surface absorptance cannot be negative, we attribute the negative intercept to variability of the 
absorptance in the small number of specimens. 
 
Neglecting possible contribution from surface absorption, the mean absorption coefficient of Element Six disks is 0.008 
cm-1 for Disk 1, and 0.03 cm-1 for Disks 2 and 3.  These absorption coefficients are 3–10 times greater than that of 
Element Six squares and comparable with those of Apollo #2, #3 and #5.  The high quality specimen from Apollo has an 
absorption coefficient comparable with those of Element Six squares.  
 
Very few absorption measurements in diamond are available in the literature, and most of them have been performed at 
10.6 µm, where high-order phonons processes produce a weak absorption band18.  To the best of our knowledge, the only 
published measurements around 1 µm are Mollart's et al.19 and Godfried's et al6.  The absorption coefficients we 
measured in Apollo #6 and Element Six squares, are one order of magnitude lower than reported in Ref. 19 and a factor 2 
to 4 lower less than reported in Ref. 6. 
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Fig. 3.  Absorptance of diamond at 1.064 µm as a function of thickness for Element Six (top panel) and Apollo diamond squares 
(bottom panel).  Circles: CREOL measurements; squares:  QinetiQ measurements. 
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3.2 Loss of polarization at 1.064 µm. 
 
Different degrees of depolarization were observed as each specimen was rotated about the axis of the laser beam.  
Columns 4 and 5 of Table 2 show the minimum and maximum loss of polarization observed for each specimen.  The 
angular separation between minimum and maximum was not 90º.  Most square specimens had an orientation in which 
the loss of polarization was less than 5%.   
 
The measurement of depolarization of the disks from Element Six was more difficult.  The transmittance of these 
specimens was observed to depend on their orientation with respect to the polarization of the laser light.  Transmittance 
varied by 20% in Disk 1, 5% in Disk 3, and less than 1% in Disk 2 as the specimen was rotated.  This variation makes it 
difficult to disentangle the loss of transmission from the loss of polarization induced by the specimen, when using the 
apparatus in Figure 3.  By comparing measurements with and without the analyzer polarizer for the same rotation angle 
of the Disks, we could conclude that the loss of transmission is larger than the loss of polarization for Disks 2 and 3. 
 
Table 2.  Calorimetric absorptance and loss of polarization, at 1.064 µm  
 
 Thickness Calorimetric absorptance (%) Loss of polarization (%)  
Specimen* (mm) CREOL QinetiQ Minimum† Maximum†  
Squares with nominal dimensions of 5 x 5 mm 
Element 6 #1 0.43 0.015 0.026 3.6 22.4  
Element 6 #2 0.50 0.021 0.015 4.1 17.9  
Element 6 #3 0.92 0.090 0.113 8.3 26.5  
Element 6 #4 1.00 0.021 0.039 2.6 9.5  
Element 6 #5 1.42 0.057 0.042 9.4 21.7  
Element 6 #6 1.47 0.044 0.041 5.1 17.5  
Apollo #1 0.35 --- --- --- --- 
Apollo #2 0.68 0.63 0.55 2.3 11.7  
Apollo #3 1.09 0.61 0.70 3.6 15.4  
Apollo #4 1.74 7.2 --- 11.1 21.0  
Apollo #5 0.35 0.14 0.14 1.3 11.7  
Apollo #6* 1.27 0.069 --- 0.0 8.2 
Disks with diameter 10–11 mm 
Element 6 disk 1 1.03 0.085 0.075 1 4  
Element 6 disk 2 1.07 0.32 0.36 0 4  
Element 6 disk 3 1.03 0.25 0.28 0 3  
*Apollo #6 is a 3.6-mm-diameter disk 
†Transmittance calculated with Eq. (8) 
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3.3 Ultraviolet edge. 
 
The two panels of Figure 4 depict the absorbance, defined as the logarithm to the base 10 of the ratio between the 
incident and the transmitted power for Apollo and Element Six specimens in the near-ultraviolet region.  The absorbance 
of Element Six specimens for wavelength longer than 236 nm is near the theoretical reflection limit, shown by the 
dashed line computed from the Fresnel reflection.  Apollo #1, #2, #3, and #5 exhibit barely detectable absorption in the 
region 240-300 nm, whereas Apollo #4, which has a strong absorption at 1.064 µm, has also stronger ultraviolet 
absorption than all other specimens.  The value of the absorbance measured at 1.064 µm for Apollo #4 (not shown in 
Figure 4) is consistent with the value of the absorptance obtained at that wavelength by calorimetry; for all the other 
specimens the absorbance measured around 1 µm is too low to allow a similar comparison with the calorimetric 
measurements. 
 
Diamond is an indirect-gap semiconductor with first conduction band energy gap of 5.49 eV corresponding to a 
transition around 226 nm 20 (e.g., its ultraviolet edge).  Since this is an indirect transition, i.e. the electron has a different 
momentum in the conduction band than it did in the valence band, the excitation of the first conduction band can occur 
only with the participation of phonons.  At room temperature, one photon absorption occurs with highest probability in 
association with the absorption of one transverse optic, one transverse acoustic or the emission of one transverse acoustic 
phonon.  The three processes have thresholds around 236, 234 and 225 nm respectively, the latter being associated with 
the most intense absorption cross section21,22. 
 
In addition to this "intrinsic" absorption, lattice defects and impurities cause an "extrinsic" absorption which both 
increases the absorption coefficient on the ultraviolet edge and extends it to wavelengths longer than 236 nm.  By means 
of absorption measurements at different temperatures, Clark22 was able to separate extrinsic from intrinsic contributions 
in the absorption spectrum of real diamond, and the absorption coefficients of the intrinsic absorption around the 
ultraviolet edge are now known20,22.   The intrinsic absorption coefficients of diamond are compared to the values 
measured at CREOL and at the Naval Air Systems Command in Figure 5, where the average of all the square Element 
Six specimens and of Apollo 2, 3, 5 and 6 is reported.  No evidence of extrinsic contribution to the absorption is 
observable. 
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Fig. 4.  Ultraviolet absorption of nine Element Six specimens (top panel) and 4 Apollo specimens (bottom panel). The theoretical 
reflection limit is shown by the dashed line computed for Fresnel reflection based on the reported indices of refraction. 
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Fig. 5.  Absorption coefficient at different wavelength near the ultraviolet absorption edge. Average of Element Six squares : ○ 
CREOL, □ Naval Air Systems Command. Average of Apollo #1, #2, #3 and #5 : ● CREOL, ■ Naval Air Systems Command. ▬ 
Intrinsic absorption20,22.  
 
 
 
4. CONCLUSIONS 
 
 
The purpose of the present study was to evaluate optical properties of single-crystal epitaxial CVD diamond at 1.064 µm 
relevant to its use as a heat spreading element in the optical path of a solid state laser.  The absorption coefficient of 
diamond from Element Six was approximately 0.003 cm-1.  Diamond elements with a total thickness of 1 cm in the 
optical path of a 1.064 µm laser would absorb only 0.3% of the energy of the beam.  This is the lowest absorption ever 
measured in either natural or synthetic diamond.  For Apollo material examined in this study, the absorption would be 
7%, but there was one Apollo specimen whose absorption was only twice as great as that of Element Six material.  It 
should also be noted that both manufacturers obtained the highest optical quality in the smallest size specimens. 
 
Loss of polarization by radiation traversing the solid state laser is a serious issue.  We observed varying loss of 
polarization as diamond squares were rotated about their <100> axis parallel to the path of the laser beam.  Table 2 
shows that, for most squares from Element Six or from Apollo, there was an orientation in which the loss of polarization 
was <5%.  Disks from Element 6 had an optimum orientation in which their loss of polarization was <1%.  Even in their 
worst orientation, loss of polarization from the disks was less than loss from the squares.  Our results are qualitatively 
similar to the range of birefringence observed by van Loon et al23.   
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Absorption and loss of polarization are sufficiently low for selected, properly oriented specimens of single-crystal, 
epitaxial CVD diamond to be used as a heat spreading element in the optical path of a solid state laser. 
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